+ , and CHClF 2 + , and bromine atom loss for CBrClF 2 + . Accurate 0 K appearance energies, in conjunction with ab initio isodesmic and halogen exchange reaction energies, establish a thermochemical network, which is optimized to update and confirm the enthalpies of formation of the sample molecules and their dissociative photoionization products. The ground electronic states of CHCl 3 + , CHClF 2 + , and CBrClF 2 + do not confirm to the deep well assumption, and the experimental breakdown curve deviates from the deep-well model at low energies. Breakdown curve analysis of such shallow well systems supplies a satisfactorily succinct route to the adiabatic ionization energy of the parent molecule, particularly if the threshold photoelectron spectrum is not resolved and a purely computational route is unfeasible. The ionization energies have been found to be 11.47 ± 0.01 eV, 12.30 ± 0.02 eV, and 11.23 ± 0.03 eV for CHCl 3 , CHClF 2 , and CBrClF 2 , respectively. The updated 0 K enthalpies of formation, Δ f H o 0K (g) for the ions CH 2 F + , CHF 2 + , CHCl 2 + , CCl 3 + , CCl 2 F + , and CClF 2 + have been derived to be 844.4 ± 2.1, 601.6 ± 2.7, 890.3 ± 2.2, 849.8 ± 3.2, 701.2 ± 3.3, and 552.2 ± 3.4 kJ mol −1 , respectively. The Δ f H o 0K (g) values for the neutrals CCl 4 , CBrClF 2 , CClF 3 , CCl 2 F 2 , and CCl 3 F and have been determined to be −94.0 ± 3.2, −446.6 ± 2.7, −702.1 ± 3.5, −487.8 ± 3.4, and −285.2 ± 3.2 kJ mol −1 , respectively.
+ were prepared by vacuum ultraviolet photoionization, and their lowest energy dissociation channel studied using imaging photoelectron photoion coincidence spectroscopy (iPEPICO). This channel involves hydrogen atom loss for CH 3 F + , CH 2 F 2 + , and CH 3 Cl + , chlorine atom loss for CH 2 Cl 2 + , CHCl 3 + , and CHClF 2 + , and bromine atom loss for CBrClF 2 + . Accurate 0 K appearance energies, in conjunction with ab initio isodesmic and halogen exchange reaction energies, establish a thermochemical network, which is optimized to update and confirm the enthalpies of formation of the sample molecules and their dissociative photoionization products. The ground electronic states of CHCl 3 + , CHClF 2 + , and CBrClF 2 + do not confirm to the deep well assumption, and the experimental breakdown curve deviates from the deep-well model at low energies. Breakdown curve analysis of such shallow well systems supplies a satisfactorily succinct route to the adiabatic ionization energy of the parent molecule, particularly if the threshold photoelectron spectrum is not resolved and a purely computational route is unfeasible. The ionization energies have been found to be 11.47 ± 0.01 eV, 12.30 ± 0.02 eV, and 11.23 ± 0.03 eV for CHCl 3 4 , CBrClF 2 , CClF 3 , CCl 2 F 2 , and CCl 3 F and have been determined to be −94.0 ± 3.2, −446.6 ± 2.7, −702.1 ± 3.5, −487.8 ± 3.4, and −285.2 ± 3.2 kJ mol −1 , respectively.
INTRODUCTION
Quantum chemical calculations on small molecules can result in thermochemical values with a few kilojoules per mole uncertainties or better, often outperforming experimental results. 1−5 Recent threshold photoelectron photoion coincidence (TPEPICO) experiments, in which both the photon and the photoelectron energies are known to within 1−2 meV (0.1−0.2 kJ mol −1 ), 6−9 are capable of measuring dissociative photoionization onset energies in small to medium sized molecules with such levels of accuracy. In the absence of an overall reverse barrier, the onset energies, E 0 , correspond to the reaction energy at 0 K, and yield the enthalpies of formation for the parent ion, daughter ion, or neutral fragment if two out of the three are known: 
Recent advances in ab initio methods can be rigorously tested and confirmed by experimental techniques. The two approaches are, thus, complementary and can be applied simultaneously to provide sturdier results. For example, inspired by the W3 and HEAT protocols, 10, 11 highly accurate enthalpies of formation have been derived by Csontos et al. 3 for a comprehensive range of neutral halogenated methanes, although some of their results still need to be confirmed.
In TPEPICO, unimolecular dissociation reactions of internal energy selected parent ions are studied as a function of photon energy, yielding daughter ion appearance energies. 12 Ions are mass analyzed in delayed coincidence with threshold electrons, and the breakdown diagram is generated by plotting the fractional abundance of parent and fragment ions as a function of hν. For a fast dissociation, every parent ion with more internal energy than the dissociation threshold results in a fragment ion, and the breakdown curve of the parent ion corresponds to the cumulative distribution function (CDF) of the ion internal energy to the dissociation energy. In the first approximation, it follows that the breakdown curve corresponds to the CDF of the internal energy of the neutral at the experimental temperature
where P i is the normalized internal energy distribution of the parent ion as a function of the internal and photon energies. P n is the internal energy distribution of the neutral molecule, calculated using the Boltzmann formula P n (E) = ρ n (E)·e −E/kT , where ρ n (E) is the density of states of the neutral.
The above integral vanishes at hν = E 0 . Consequently, the 0 K appearance energy, E 0 , is given by the disappearance energy of the parent ion in small molecules, and modeling the breakdown diagram only requires the internal energy distribution of the neutral precursor. 8 Two assumptions are made when modeling the breakdown curve. First, the neutral internal energy distribution is transposed directly onto the ion manifold; in other words, the threshold ionization cross sections for sequence transitions are constant over the thermal energy range, and there is a uniform probability of threshold ionization across the neutral molecule's energy distribution. 8, 9, 13 The Franck−Condon factors for sequence transitions in small molecules at room temperature are dominated by rotational contributions, and this assumption will hold true as long as the geometries of the neutral and parent ion are sufficiently similar. However, it is important to note that no assumption is made about the Franck−Condon factors for threshold ionization as a function of photon energy. Second, the second integral in eq 2 assumes that zero internal energy neutrals always contribute to the parent ion signal. This is only valid if the ground state potential well is deep enough to accommodate the transposition of the entire thermal energy distribution of the neutral onto the ion manifold in the photon energy range of the breakdown diagram, which we term the "deep-well assumption" (Figure 1 ). However, if the width of the thermal energy distribution is larger than the depth of the potential energy well, the low energy neutrals do not contribute to the ion signal. Now, the deep-well assumption is no longer valid, and what we term a "shallow-well reality" prevails. In such cases, the parent signal is always less than 100%, and there is significant daughter ion signal even at the ionization limit. This effect had been observed previously, 14 and was first discussed in the TPEPICO study of CFBr 3 and CBr 4 . 7 While a reasonable estimate for the 0 K onset can be trivially deduced for fast dissociations of small molecules, modeling the breakdown curve provides a more rigorous assessment of the assumptions, confidently confirming the shape and nature of the ion internal energy distribution and the validity of the deep well assumption. Even though the latter is applicable in most covalently bound ions, it is not always appropriate in weakly bound systems, a few of which we will examine in this work. In such cases, the adiabatic ionization energy (IE) can often be derived from the breakdown diagram.
As can be seen from eq 2, the modeled breakdown curves are temperature dependent, and the breakdown diagram is effectively a molecular thermometer, measuring the temperature of the neutral molecule. Additionally, oscillations or peaks in the breakdown curve, as was first observed for CH 3 I + , 6 may indicate changes in the threshold photoionization mechanism.
We employ calculations, together with experimental 0 K dissociative photoionization onsets, to derive a self-consistent thermochemical network, which links neutral and ionic species and provides improved enthalpies of formation, and reaffirms the results of previous theoretical and experimental studies. 3, 15 Ion thermochemical values can be useful in the interpretation of ion dynamics, e.g., selected ion flow tube experiments. 16 Such self-consistent networks, similar to the active thermochemical tables of Ruscic et al., 17 add to the expanding armamentarium of thermochemistry. The advantage of this approach over the purely ab initio route is that the network is pegged by the accurately measured onset energies and wellknown enthalpies of formation such as those for CF 4 and CH 4 , thus reducing the ab initio network plasticity and eliminating systematic errors. Such an approach has also been used to obtain updated enthalpies of formation for primary amines 18 as well as for bromofluoromethanes and their dissociative photoionization products. 7 The products and reactants have equal numbers of the same types of bonds in isodesmic reactions. 19, 20 It has been shown that these reactions yield reliable reaction energies, especially for closed shell species. 20, 21 Quantum chemical calculations often suffer from error accumulation arising from basis set truncation, inaccuracies calculating valence electron correlation and zero-point vibrational energies, 22 and in heavier atoms, difficulty with accurate recovery of spin−orbit coupling effects. 1, 5 These errors as well as relativistic and core correlation effects effectively cancel out in isodesmic reaction energy calculations. 19, 20 The lowest energy dissociative photoionization channel observed in the TPEPICO experiment corresponds to the cleavage of the weakest bond in the parent ion. Thus, with CBrClF 2 it is the C−Br bond that breaks first in dissociative photoionization to give CClF 2 + . In fully halogenated chlorofluoromethanes CCl n F 4−n (n = 1−3), it is always a C−Cl bond that breaks first. When the halomethane molecule incorporates hydrogen atoms, the situation is not so clear-cut. For CH 3 F and CH 2 F 2 , H-loss and cleavage of a C−H bond occurs at the lowest energy. Similarly, a C−H bond is the weakest and breaks at the lowest energy in CH 3 Cl, whereas in the other two chloromethanes, CH 2 Cl 2 and CHCl 3 , a C−Cl bond breaks first. By contrast, the electronic ground state of the parent ion is repulsive in the Franck−Condon region in CCl 4 , CF 4 , and CHF 3 . 23−25 Even though the accurate onset energy cannot be determined experimentally in these species, their neutral enthalpies of formation feature in the network through computed reaction energies. Two stand-alone compounds, Figure 1 . Schematic showing the deep well and the shallow well scenarios. As the photon energy (hν) is scanned, the parent ion (AB + ) fractional abundance corresponds to the normalized parent ion internal energy distribution integral from the bottom of the well to the barrier (A + + B). The daughter ion (A + ) factional abundance is given as the integral from the dissociation limit to infinity, and in the shallow well scenario, this integral is always non-negligible. For photon energies below the adiabatic IE, the breakdown diagram deviates from the shape predicted by the deep-well assumption, as the neutral thermal distribution cannot be fully incorporated onto the ionic manifold. CHClF 2 and CBrClF 2 , are also studied, which only connect to the rest of the network via their E 0 values as well as a neutral isodesmic reaction energy for the former. The dissociative photoionization of CBrClF 2 has, to the best of our knowledge, not been reported before, and its enthalpy of formation is not well-known. The experimental route is important here because reliable quantum chemical calculations involving bromine containing compounds are difficult to perform 26 due to the large numbers of electrons, and the fact that relativistic effects become significant for high-Z atoms. 15, 27, 28 Although Borkar et al. have found that relative energies of C 3 H 5 Br isomers can be quite well predicted by standard computational methods, too, 29 bromine-and iodine-containing species are omitted in the comprehensive study of Csontos et al., 3 and Bodi et al. report large error bars, typically in the region of 7 kJ mol −1 , in a recent study on bromofluoromthanes. 7 The study of CBrClF 2 provides a link between bromine-containing species and the remainder of the lighter Cl and F containing species. We also seek to provide a more complete thermochemistry for the fragment ion CHF 2 + by the dissociative photoionization of CH 2 F 2 and CHClF 2 , the latter of which has been studied before at inferior photon resolution using TPEPICO by Howle and co-workers. 30 2. METHODS 2.1. Experimental Section. The imaging photoelectron photoion coincidence (iPEPICO) spectrometer at the X04DB beamline of the Swiss Light Source 31, 32 has been described in detail elsewhere, 33 and only a brief overview is given here. The pure sample was introduced into the chamber through an effusive source at room temperature, with typical pressures in the experimental chamber being 2−4 × 10 −6 mbar during measurement. The background pressure is on the order of 10
mbar. The sample is ionized by incident monochromatic vacuum ultraviolet (VUV) synchrotron radiation dispersed by a grazing incidence monochromator. The effective photon energy resolution is 2 meV, and the photon energy is calibrated against the autoionization lines of argon in first and second order. Higher orders of radiation are removed using a compact Ne gas filter with an absorption path length of 10 cm, operating at 10 mbar pressure.
Following photoionization, the photoelectrons and photoions are accelerated in opposite directions by a constant extraction field of 120 V cm −1 . The photoelectrons are velocity map imaged onto a DLD40 Roentdek position-sensitive delayline detector that has a kinetic energy resolution of better than 1 meV at threshold. A two-stage Wiley−McLaren time-of-flight mass spectrometer, for which the electron hits provide the "start" time, is used to mass select the ion fragments. Electron hit positions and times, together with the ion hits, are recorded in a triggerless mode of a HPTDC-PCI time-to-digital converter card and are correlated on the fly, in a multistart− multistep mode. 34 The hot electron contamination consists of kinetic energy electrons with a velocity vector orientated along the flight tube axis. Their contribution to the threshold signal in the detector center is accounted for by a subtraction process, as proposed by Sztaŕay and Baer. 35 The signal from a small ring around the central spot, as captured by the delay-line detector, is subtracted from the threshold signal. The large ion residence times in the first acceleration region lead to asymmetric peak shapes for unimolecular dissociation reactions with rate constants between 10 3 s −1 < k < 10 7 s −1 . 36 All dissociations probed in this paper are fast, producing symmetrical and narrow TOF peak shapes, indicating an absence of a kinetic shift. 37 2.2. Computational Methods. Calculations were performed using Gaussian 09. 38 The dissociations were also confirmed to be fast by ab initio RRKM rate constant calculations at arbitrarily chosen transition state geometries along the dissociation coordinate. G3B3 39 and W1 40 composite methods were used to determine the neutral and ion energetics, which were used along with previously reported energies 3 in the construction of the thermochemical network shown in Figure 2 .
Fast dissociative photoionization processes in threshold PEPICO experiments are modeled by taking into consideration the thermal energy distribution of the neutral molecule, which yields the energy distribution of the ion as a function of photon energy. 8 The experimental onset energies in the thermochemical network provide rigid links between the neutral and the ion enthalpies of formation. In the shallow well instances, the initial abundance of the first daughter ion is nonzero. Even in such cases, the fit was required to reproduce the disappearance energy range of the parent signal, thus giving the E 0 value. The photon energy, at which the deep well approximation fails, then yields the adiabatic IE.
RESULTS AND DISCUSSION
Before presenting the thermochemical network, we will first discuss the experimental results on the halogenated methanes according to their dissociative photoionization reactions 3a−3g:
(3a)
(3b)
(3c)
(3d)
(3e)
(3f)
(3g) The potential well for the ground electronic states of CHCl 3 + , CHClF 2 + , and CBrClF 2 + is quite shallow, enabling us to derive adiabatic IEs. The thermochemical network of the neutrals and ions incorporates the lowest energy dissociative photoionization channels obtained from the TPEPICO studies and calculated reaction energies. It is used to update 11 enthalpies of formation, including that for CBrClF 2 . Several neutral and ion enthalpies of formation are also confirmed as reported in the literature.
3.1. Chlorinated Methanes. The breakdown diagram of CH 3 Cl in the 12.88−13.05 eV photon energy range is shown in Figure 3a . The fitted E 0 for CH 3 Cl → CH 2 Cl + + H + e − , i.e., the 0 K appearance energy of the first daughter ion, is 12.981 ± 0.004 eV. Tang et al. also observed CH 2 Cl + as the first daughter ion, 41 which is in contrast with photoionization by He(I) radiation at 21.2 eV, in which no CH 2 Cl + was detected below 15 eV. 42, 43 Autoionization is only possible in tunable VUV studies, such as this work. Because the H-loss channel opens up in a Franck−Condon gap, it is not accessible by direct photoionization, e.g., by using He(I) radiation, at threshold. On the other hand, the hydrogen "many-line" light source in an earlier tunable nonthreshold photoionization study by Werner et al. 44 may have provided insufficient flux around 13 eV for the H-loss channel to be observed.
The breakdown diagram of CH 2 Cl 2 in the 11.85−12.20 eV photon energy range is shown in Figure 3b . The derived E 0 for reaction 3b is 12.108 ± 0.003 eV. Our value is more accurate and somewhat lower than the 12.122 ± 0.010 eV reported by Lago et al. 45 obtained using a larger photon energy step size in the onset region. We note that both reactions 3a and 3b share a common fragment ion, CH 2 Cl + . The breakdown diagram of CHCl 3 is given in Figure 3c across the 11.20−11.60 eV photon energy range. The fitted E 0 is 11.487 ± 0.005 eV. The CHCl 2 + daughter ion is produced in reaction 3c, and its abundance at the literature IE of 11.3 eV 46 is nonzero, meaning that a significant proportion of parent ions have sufficient energy to dissociate, as was also reported by Shuman et al. 47 If the Franck−Condon factors for threshold ionization are assumed to be uniform across the thermal energy distribution, the breakdown curve may be modeled as the ratio of the integrated internal energy distribution in the potential well against that above the well. Because the portion of the distribution that falls below the IE does not contribute to the ion signal, the IE also influences the breakdown curve. Alternatively, instead of retro-fitting the IE to reproduce the breakdown curve, a deep potential well is assumed and the point at which the calculated curve deviates from the experimental curve can be taken as the adiabatic IE of the parent molecule. This was also the approach used in a study of CFBr 3 and CBr 4 , 7 as well as for C 2 H 4 I 2 , 14 where the point of deviation from the modeled curve led to a revised IE for these three molecules. In such cases, only initially hot neutrals are ionized at hν < IE. Neutrals with less internal energy than (IE − hν) are not ionized, and the parent ion internal energy does not correspond to the Boltzmann distribution of the neutral in this energy range.
14 The advantage of using this method to determine the IE in such instances, as opposed to modeling the TPES by Franck−Condon simulations 48 or ab initio calculations, is its considerable ease of use. Furthermore, thanks to the enhanced resolution of the experiment, the deviation of the calculated fit and the experimental points at 11.47 ± 0.01 eV can clearly be seen, providing a new value for the IE of CHCl 3 . As Figure 3c shows, the adiabatic IE is not easily identifiable from the threshold photoelectron spectrum (TPES) of the molecule, as the ground state of CHCl 3 + is not vibrationally resolved, unlike that of CH 3 Cl and CH 2 Cl 2 . 46 The signal onset for the ground state of the ion does appear to be 11.3 eV, which agrees with an 11.30 ± 0.05 eV appearance energy given by Seccombe et al. 49 from a lower-resolution TPEPICO study; they also quoted a vertical IE of 11.51 eV. Based on this latest breakdown diagram, we propose that the rise of the threshold electron signal below 11.47 eV is due to hot bands.
3.2. Fluorinated Methanes. Figure 3d shows the breakdown diagram of CH 3 F in the 13.20−13.50 eV photon range. Two aspects are noted. First, the 0 K onset coincides with a small but sharp rise in the TPES signal. As was previously reported, 6 Rydberg state lifetime considerations, a proposed explanation for such rises, in the pulsed field ionization (PFI-) PEPICO experiments of methane 50 are unlikely to be at play in continuous field experiments. Consequently, this step function is probably due to an additional threshold photoionization channel that opens up at the onset and enhances daughter ion production. Second, and as a consequence of the first point, the whole breakdown curve cannot be faithfully modeled using a single temperature and the corresponding neutral internal energy distribution. The lower energy range, below 13.325 eV, is reproduced when 298 K is assumed while the parent ion abundances above the crossover are overestimated. A higher temperature of 348 K models the higher energy points well but widens the breakdown diagram too much. However, it is the latter temperature that leads to a perfect fit in the most important energy region, namely at the disappearance energy of the parent signal. The fitted E 0 for reaction 3d is 13.358 ± 0.005 eV, much higher than the room temperature appearance energy (the photon energy at which daughter ion signal above the noise is first observed) quoted by Weitzel and co-workers as 13.20 ± 0.08 eV. 51 From their observed IE from the TPES of 12.53 eV and the 13.34 ± 0.02 eV crossover energy, they derived the dissociation energy of CH 3 F + to be 0.84 ± 0.02 eV, and an E 0 of 13.37 ± 0.02 eV. They also reported a nonvanishing parent ion signal, i.e., one that does not decrease to 0% above the 0 K appearance energy. Our own crossover and onset energies are both ca. 20 meV lower. This discrepancy could result from insufficient hot electron suppression in the Weitzel study.
The breakdown diagram of CH 2 F 2 in the 12.85−13.20 eV photon energy range is presented in Figure 3e . The fitted E 0 of reaction 3e is 13.060 ± 0.015 eV, with the larger error limit being a result of the curve having a small gradient near the E 0 . This produces a tailing off of the parent signal, instead of a sharp cutoff. A possible reason for this and the slightly inferior signal-to-noise ratio at the onset energy compared with other molecules in this study may lie with the subtraction of the hot electron contamination. If the threshold electron yield is low at onset or changes quickly with photon energy, the ring area around the detector (which is subtracted from the center area signal) can be a poor representation of the hot electron background in the center. While the E 0 is independent of sample temperature, the shape of the curve at the onset is governed by it, and a softly landing parent ion curve leads to a less well-defined E 0 . Using pulsed-field-ionization zero kinetic energy electrons (PFI-ZEKE), Forysinski et al. found the 0 K H-loss appearance energy to be 13.065 ± 0.003 eV. 52 This value from their laser-based very high-resolution study is 5 meV higher than our own reported value, but the two values are within the error limits. Both values are somewhat lower than the appearance energy of CHF 2 + at 298 K of 13.08 ± 0.03 eV reported by Seccombe et al. from a lower resolution TPEPICO study. 53 3.3. CBrClF 2 and CHClF 2 . The breakdown diagram of CBrClF 2 in the 11.15−11.50 eV photon energy range along with the TPES is presented in Figure 3f . The C−Br bond is the weakest, and therefore the first dissociative photoionization channel produces CClF 2 + + Br + e − . The fitted E 0 value is 11.342 ± 0.003 eV. There is some ambiguity as to the adiabatic IE for CBrClF 2 . The TPES has been studied several times, and vertical IEs of 11.51 54 and 11.83 eV 55 were reported. Another value for the IE is reported to be 11.21 eV, corresponding to the onset of the electron signal. 56 However, as can be seen from the TPES, the identification of the adiabatic IE is not immediately obvious. Similarly to CHCl 3 and CHClF 2 , there is a significant daughter ion contribution of ca. 30% at the ionization onset. The modeled breakdown curve deviates from the experimental data points at a slightly higher energy of 11.23 ± 0.03 eV. We propose this somewhat higher value as the adiabatic IE of CBrClF 2 . This fit is less sensitive to the assumed IE than for CHCl 3 and CHClF 2 , as the deep well model only deviates at most over a few tens of millielectronvolts from the shallow-well reality. the corresponding TPES. The C−Cl bond is the weakest, and the derived E 0 value for reaction 3g, the production of CHF 2 + , is 12.406 ± 0.004 eV. This is the same daughter ion as the first product from CH 2 F 2 . As with CHCl 3 , there is significant daughter ion abundance present in the low energy region of the breakdown diagram, and the deep well approximation deviates from the experimental points over the range of 12.2−12.3 eV. This provides us with an accurate IE of 12.30 ± 0.02 eV, which is not easily determined from the TPES alone. The most recent IEs range from 12.15 ± 0.05 eV determined by TPES, 30 to 12.28 ± 0.02 eV determined by PIMS, 56 so our value is at the higher end of this range. Upon magnification, a small hump or bulge in the otherwise smooth breakdown curve becomes apparent at 12.37 eV. Interestingly, this feature is also faithfully reproduced by the model curves. To shed light on this peculiarity, we also plotted the calculated neutral thermal energy distribution in Figure 4 , with its origin shifted to 12.37 eV. Two possible reasons have been suggested for such features in breakdown diagrams, namely, alternative photoionization mechanisms 6 or a less than faithful transposition of the neutral thermal energy distribution to the ion manifold. 8 Here, however, the explanation appears to be that the thermal energy distribution is indeed transposed onto the ion manifold, and we use our molecular thermometer to measure the Boltzmann distribution of neutral energies, which shows a dip at an internal energy of ca. 50 meV due to the higher density of rovibrational levels 15 meV higher.
3.4. Thermochemistry. In addition to the measured 0 K appearance energies, the neutral parents and daughter ions can be related to each other through a series of quantum chemical calculations involving closed-shell species as well, to generate the network shown in Figure 2 . The neutral network is composed of three subnetworks: that of the chlorinated methanes, the fluorinated methanes, and the chlorofluoromethanes. Each subnetwork contains the independent isodesmic reactions connecting the neutrals, e.g., CH n X 4−n , as well as the ions, e.g., CH n X 3−n + , (X = F, Cl),
(4a)
and the interconnecting exchange reactions for the ionic fragments where a new halomethane is generated by the substitution of a hydrogen with a halogen (e.g., H 2 /X 2 ),
This approach was also adopted for the chlorofluoromethanes: CCl n F 4−n and CCl n−1 F 4−n + . The network is essentially a graph of vertices (enthalpies of formation of ions and neutrals) connected by edges. There are three types of edges: E 0 onset energies, neutral and ion isodesmic reaction energies, and exchange reaction energies (the latter only for fragment ions). The E 0 onset energies interconnect the neutral and ion groups, whereas the isodesmic and exchange reaction energies establish connections within the neutral and ion groups. If available, isodesmic reaction energies were obtained based on the energy values reported by Csontos et al. 3 Otherwise, W1 calculated reaction energies were used. G3B3 results were also obtained and checked for consistency. As a starting point in the optimization of the enthalpies of formation, the isodesmic, exchange, and dissociative photoionization reaction energies were also calculated using the literature Δ f H o 0K values. The entire network needs to be tethered to an absolute scale of enthalpies of formation, and well-defined enthalpies of formation for a chosen set of species provide this vital link. These "anchor" enthalpies of formation are kept unchanged during the fitting process: , yet another anchor value. The two major groups of neutrals, the fluorinated methanes and chlorinated methanes, are "anchored" by CF 4 / CH 4 and CHCl 3 /CH 4 , respectively. The chlorofluoromethane groups, CCl n F 4−n and CCl n−1 F 4−n + , provide bridges between the chlorinated and the fluorinated methanes.
An overall error function (ε) is defined as the sum of component isodesmic, exchange, and experimental errors:
where The IE is hard to predict based on the broad featureless TPES shown in gray. The inset also shows breakdown diagram modeled with the new IE, where the lower hν range is reproduced well by taking the actual potential energy well depth into account. The ion internal energy distribution at 12.37 eV is shown with parent contribution in gray and CClF 2 + contribution in pale blue. The hump in the breakdown curve, indicated by a double-headed arrow at 12.37 eV, corresponds to an unusual minimum in the thermal energy distribution in the neutral, confirming the faithful transposition of internal energy distribution upon threshold photoionization. minimizing this error function using the generalized reduced gradient method. 60 Initially, the network is relaxed, and all enthalpies of formation except the anchor values are set as fit parameters. The exchange reaction error function is then weighted by 0.01 to make sure it influences the fit less than the isodesmic reaction errors, as the latter are more reliable. There are fewer experimental onset energies, which are also more accurate than the calculations. Therefore, the PEPICO error function is weighted by 100 to ensure its adequate representation in the optimization of the network. Thus, no data set overinfluences the outcomes. Next, by analyzing the optimized enthalpies of formation in the fully relaxed fit, we identified further literature values that could be kept constant in the fitting procedure. Notably, the enthalpies of formation reported by Csontos et al. 3 were compared with the optimized values. The average difference was found to be 0.05 kJ mol , has been used previously as an anchor value by Shuman et al., 62 and has a lower error bar than the Csontos value of −94.6 ± 5.3 kJ mol −1 , we have also opted for it to act as anchor. Having established the anchor values, confirmed the most reliable literature enthalpies of formation that are also kept unchanged, and set the error function weights to construct a balanced fit, a final optimization was carried out to obtain the final results as summarized in Table 1 .
Three sources determine the uncertainties of the final results: (1) the uncertainties in the anchor values that peg the network to the enthalpy of formation scale; (2) the calculation errors; and (3) the errors in the iPEPICO appearance energies. These were accounted for as follows: (1) the anchor values were set to the high and low limit of their confidence interval, and a relaxed fit was carried out establishing the network confidence interval for each optimized species; (2) a ± 2 kJ mol −1 uncertainty contribution was assumed for calculations; (3) a further ±2 kJ mol −1 uncertainty contribution was assumed for species on which we have no direct experimental appearance energy data; (4) the iPEPICO appearance energy uncertainty was used otherwise. The confidence intervals listed in Table 1 are the result of these four contributions.
The conversion from 0 to 298 K is made by the relationship 72 Little is known about the enthalpy of formation of CBrClF 2 ; indeed, the only value we could find was −423.8 ± 15 kJ mol −1 given by Burcat. 70 As such, the heat of formation becomes a "fit" parameter, which is only connected to the network by the E 0 of the reaction CBrClF 2 → CClF 2 + + Br + e − . Barring an overall reverse barrier, the result, Δ f H o 0K (CBrClF 2 ) = −446.6 ± 2.7 kJ mol −1 , falls just outside the generous error limit of the previous value.
The enthalpy of formation of CCl 4 given by Csontos et al. of −88.7 ± 6.4 kJ mol −1 lies toward the less negative end of the literature values and has the largest error limit among the values they derived. 3 We derive a revised more negative value for Δ f H 
